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Reevaluating αE-catenin monomer and homodimer
functions by characterizing E-cadherin/αE-catenin
chimeras
Julie M. Bianchini,1 Khameeka N. Kitt,1 Martijn Gloerich,1 Sabine Pokutta,2 William I. Weis,2,3
and W. James Nelson1,3

THE JOURNAL OF CELL BIOLOGY

1Department

of Biology, 2Department of Structural Biology, and 3Department of Molecular and Cellular Physiology, Stanford University, Stanford, CA 94305

As part of the E-cadherin–β-catenin–αE-catenin complex (CCC), mammalian αE-catenin binds F-actin weakly in the
absence of force, whereas cytosolic αE-catenin forms a homodimer that interacts more strongly with F-actin. It has been
concluded that cytosolic αE-catenin homodimer is not important for intercellular adhesion because E-cadherin/αE-catenin
chimeras thought to mimic the CCC are sufficient to induce cell–cell adhesion. We show that, unlike αE-catenin in the
CCC, these chimeras homodimerize, bind F-actin strongly, and inhibit the Arp2/3 complex, all of which are properties
of the αE-catenin homodimer. To more accurately mimic the junctional CCC, we designed a constitutively monomeric
chimera, and show that E-cadherin–dependent cell adhesion is weaker in cells expressing this chimera compared with
cells in which αE-catenin homodimers are present. Our results demonstrate that E-cadherin/αE-catenin chimeras used
previously do not mimic αE-catenin in the native CCC, and imply that both CCC-bound monomer and cytosolic homodimer αE-catenin are required for strong cell–cell adhesion.

Introduction

Correspondence to W. James Nelson: wjnelson@stanford.edu

The function of junctional αE-catenin in the CCC has
been studied with an E-cadherin/αE-catenin chimera, designated E-cadΔ70/α (Nagafuchi et al., 1994; Fig. 1 A). In fibroblast L cells, which lack endogenous E-cadherin, expression
of E-cadΔ70/α induced cell–cell adhesion, which required the
C-terminal actin-binding domain (ABD) of αE-catenin (Nagafuchi et al., 1994). Subsequent studies used E-cadΔ70/α and
a full-length chimera containing the entire cytoplasmic tail of
E-cadherin (E-cad/α) to induce cell–cell adhesion in a variety
of cell types and tissues in vitro and in vivo (Ozawa, 1998;
Ozawa and Kemler, 1998; Imamura et al., 1999; Gottardi et
al., 2001; Winter et al., 2003; Pacquelet and Rørth, 2005;
Qin et al., 2005; Abe and Takeichi, 2008; Noda et al., 2010;
Ozono et al., 2011; Schulte et al., 2011; Maiden and Hardin,
2011; Sarpal et al., 2012; Shih and Yamada, 2012; Twiss et
al., 2012; Thomas et al., 2013; Desai et al., 2013; Küppers
et al., 2013; Dartsch et al., 2014). The consensus conclusions
from these experiments are that membrane-tethered, monomeric αE-catenin is sufficient for intercellular adhesion by
linking the CCC to the actin cytoskeleton, and that neither a
cytoplasmic pool of αE-catenin nor αE-catenin homodimers
are required (Ozono et al., 2011; Sarpal et al., 2012; Desai
et al., 2013; Thomas et al., 2013). However, these interpreta-

Abbreviations used in this paper: ABD, actin-binding domain; AJ, adherens
junction; CBD, catenin-binding domain; CCC, cadherin–catenin complex;
E-cad/α, E-cadherin/α-catenin chimera; E-cadΔ70, E-cadherin lacking the 70
C-terminal amino acids; E-cadΔ70/β/α, E-cadΔ70/β-catenin residues 118151/αE-catenin; IEC, ion exchange chromatography; ITC, isothermal titration
calorimetry; SEC, size exclusion chromatography; TM, transmembrane.
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The adherens junction (AJ) is essential for the development
and maintenance of tissue integrity (Gumbiner, 1996; Collinet
and Lecuit, 2013). Formation of the AJ is directed by the cadherin–catenin complex (CCC), which in epithelial cells comprises E-cadherin that binds β-catenin, which in turn recruits
the F-actin binding and bundling protein αE-catenin. At cell–
cell junctions, αE-catenin is thought to link the CCC to F-actin
(Watabe-Uchida et al., 1998; Vasioukhin et al., 2001; Pokutta
and Weis, 2007). Although early in vitro studies failed to reconstitute binding of the CCC to F-actin (Drees et al., 2005a; Yamada et al., 2005), recent studies showed that force is required
to strengthen this interaction (Buckley et al., 2014). Mammalian αE-catenin also forms a homodimer that binds and bundles
F-actin, and inhibits Arp2/3 and cofilin activities (Drees et al.,
2005a; Benjamin et al., 2010; Hansen et al., 2013). αE-Catenin
homodimerization and β-catenin binding are mutually exclusive
and are mediated by a common domain in the N terminus of
αE-catenin (Koslov et al., 1997; Pokutta and Weis, 2000). Thus,
mammalian αE-catenin exists in distinct cellular pools: (a) membrane-tethered, monomeric αE-catenin bound directly to E-cadherin/β-catenin, and (b) cytoplasmic monomer and homodimer.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 210 No. 7 1065–1074
www.jcb.org/cgi/doi/10.1083/jcb.201411080

JCB

1065

Figure 1. E-cadΔ70/α homodimerization is
required for robust interaction with F-actin. (A)
Schematic representation of the E-cadherin/
αE-catenin chimeras. CBD, β-catenin-binding
domain. (B) Ion exchange chromatography
(IEC) of recombinant E-cadΔ70/α, and SDSPAGE of protein from the resulting two peaks
(fractions indicated in purple and green)
stained with Coomassie Brilliant Blue (CBB).
(C) Superdex 200 size exclusion chromatography of the two peaks from the IEC shown
in B. Fractions indicated with a bracket
were pooled and analyzed by Native-PAGE,
and stained with CBB. (D) CBB stained
Native-PAGE of increasing concentrations of
monomeric E-cadΔ70/α chimera incubated
for 16 h at 37°C. Ctrl, purified monomeric
chimera. Quantification of the percentage
of dimerization with standard deviation from
three independent experiments. (E) Coimmunoprecipitation of Myc-tagged E-cadΔ70/α with
HA-tagged E-cadΔ70/α from transfected L
cells. Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted for HA
and Myc. A representative image of three independent experiments is shown. (F) High-speed
co-sedimentation of F-actin with E-cadΔ70/α
monomer (purple) or homodimer (green). The
data shown are from a single representative
experiment out of three independent experiments. (G) Pyrene–actin polymerization assay
with 10% pyrene–actin (white), with Arp2/3
complex and WASp-VCA (black), and either
8 µM E-cadΔ70/α homodimer (green) or
monomer (purple). The data shown are from
a single representative experiment out of three
independent experiments.

tions overlook the fact that (a) αE-catenin bound to β-catenin
in the CCC has a distinct conformation and different properties
compared with free monomeric αE-catenin, and (b) the possibility that the E-cadΔ70/α chimera homodimerizes, a property
of mammalian αE-catenin that normally occurs in the cytosol.
Therefore, we tested whether E-cadΔ70/α is functionally equivalent to αE-catenin bound to β-catenin in the CCC, and whether
homodimerization of αE-catenin is dispensable for E-cadherin–
mediated cell–cell adhesion.

Results and discussion
E-cadΔ70/α forms a homodimer in vitro and
in mammalian cells

For in vitro analysis, we purified and analyzed the oligomeric
state and functions of recombinant E-cadΔ70/α lacking the extracellular and transmembrane (TM) domains of E-cadherin
(Fig. 1 A, brown box). Limited trypsin digestion of purified
1066
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E-cadΔ70/α generated proteolytic products similar to those of
αE-catenin (Fig. S1 A; Pokutta and Weis, 2000; Drees et al.,
2005a; Kwiatkowski et al., 2010), indicating that fusion of the
unstructured E-cadherin cytoplasmic tail to αE-catenin did not
alter the conformation of αE-catenin in the chimera.
Ion exchange chromatography (IEC) of E-cadΔ70/α resulted in two peaks (Fig. 1 B). Subsequent size exclusion chromatography (SEC) of proteins from the first and second IEC
peaks resulted in smaller (purple) and larger (green) apparent
molecular mass proteins, respectively, that also separated into
two protein bands upon Native-PAGE (Fig. 1 C). These separation profiles are similar to those of αE-catenin monomer and
homodimer. The two oligomeric states of E-cadΔ70/α were
confirmed by measuring the hydrodynamic radii (Rh) by dynamic light scattering, which were Rh = 7.1 for the first SEC
peak and Rh = 5.95 for the second SEC peak. To determine
whether monomeric E-cadΔ70/α converts into a homodimer,
increasing concentrations of purified E-cadΔ70/α monomer
were incubated for 16 hours at 37°C to reach equilibrium,

Figure 2. Complex formation between E-cadherin/αE-catenin chimeras and β-catenin. Superdex 200 gel filtration chromatography of complex formation
between β-catenin and E-cadΔ70/α monomer (A), E-cadΔ70/α homodimer (B), E-cad/α monomer (E), or E-cad/α homodimer (F). Proteins were incubated
at 25°C either by themselves (colored lines) or together in a 1:1 molar ratio (black lines), and fractions from the individual S200 runs were analyzed by
SDS-PAGE and CBB staining. A schematic representation of the complex formed between each chimera and β-catenin is shown. Native-PAGE of monomers
and homodimers of E-cadΔ70/α (C) or E-cad/α (G) incubated with β-catenin and immunoblotted for αE-catenin (green) and β-catenin (red). Complex formation is indicated by a shift in band migration and co-fluorescence with both αE-catenin and β-catenin antibodies (heterodimer, solid box; tetramer, dashed
box). Note that all proteins in C were run on the same Native-PAGE gel, but the brightness for the last lane was adjusted independently, as indicated.
The gel images shown (C and G) are representative of four independent experiments. (D) High-speed co-sedimentation assay of E-cadΔ70/α-β-catenin
heterodimer (black triangle) with F-actin. The data shown are from a single representative experiment out of three independent experiments. E-cadΔ70/α
dimer (green triangle) and E-cadΔ70/α monomer (purple triangle) from F are shown for comparison.

and then analyzed by Native-PAGE. Monomeric E-cadΔ70/α
started to homodimerize at single μM concentrations (Fig. 1 D).
IEC, SEC, and Native-PAGE also showed that a full-length chimera (E-cad/α), which contains the entire cytoplasmic tail of
E-cadherin fused to αE-catenin (Fig. 1 A), formed a monomer
and homodimer (Fig. S1, B–D).
To determine whether E-cadΔ70/α formed homodimers in
mammalian cells, we co-expressed E-cadΔ70/α containing the
extracellular and TM domains of E-cadherin (Fig. 1 A) tagged
at the C terminus with either a HA or Myc epitope for differential identification with specific antibodies. HA immunoprecipitation revealed that E-cadΔ70/α-HA and E-cadΔ70/α-Myc
coimmunoprecipitated from L cells (Fig. 1 E) and HEK293
cells (Fig. S1 E). This coimmunoprecipitation was maintained
in lysates from cells grown in a low Ca2+ conditions (Fig. S1
F), indicating that coimmunoprecipitation was not a result of

homotypic binding by the E-cadherin extracellular domain. Altogether, these results show that E-cadΔ70/α formed a homodimer in vitro and in mammalian cells.
E-cadΔ70/α homodimer binds F-actin and
inhibits Arp2/3

It has been assumed that E-cadΔ70/α contains monomeric
αE-catenin and mimics the binding of the native CCC to F-actin because E-cadΔ70/α without the αE-catenin ABD does not
induce cell adhesion (Nagafuchi et al., 1994; Imamura et al.,
1999). Having now shown that E-cadΔ70/α forms a monomer
and homodimer, we tested which oligomeric state bound F-actin
in an F-actin co-sedimentation assay (Fig. 1 F). E-cadΔ70/α homodimer bound F-actin with a Kd of 1.6 µM, comparable to
the αE-catenin homodimer/F-actin Kd of 1.0 µM (Hansen et al.,
2013). In contrast, little of the E-cadΔ70/α monomer bound
αE-Catenin homodimers in cell–cell adhesion • Bianchini et al.
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to F-actin in this assay. In addition, the E-cadΔ70/α homodimer, but not the monomer, inhibited Arp2/3-mediated actin
polymerization at a concentration of 8 µM (Fig. 1 G), similar
to αE-catenin homodimer (Drees et al., 2005a). These observations further demonstrate that the properties of the E-cadΔ70/α
chimera do not mimic monomeric αE-catenin in the native CCC.

indicate that a single molecule of β-catenin bound to monomeric
E-cad/α, and support the prediction that in the native CCC the
C-terminus of E-cadherin is positioned in close proximity to the
N terminus of αE-catenin (Pokutta et al., 2014).

Complex formation between E-cadherin/αEcatenin chimeras and β-catenin

To visualize the oligomeric state of E-cadΔ70/α in L cells,
we took advantage of the differential binding of β-catenin
to E-cadΔ70/α and E-cad/α homodimers. β-Catenin bound
to E-cadΔ70/α monomer but not to the kinetically trapped
E-cadΔ70/α homodimer (Fig. 2, A–C), whereas it bound to
either E-cad/α monomer or homodimer (Fig. 2, E–G) which
therefore served as a positive control for β-catenin recruitment. L cells were transfected with HA-tagged E-cad/α or
E-cadΔ70/α and co-stained with HA and β-catenin antibodies.
β-Catenin colocalized with E-cad/α, but not E-cadΔ70/α, at
the plasma membrane of cell–cell contacts (Fig. 3 A). To exclude the possibility that the lack of β-catenin colocalization
with E-cadΔ70/α was caused by the lower expression level of
β-catenin in these cells (Fig. 3 B), we inhibited proteasomal
degradation with MG132 (Fig. 3 D), and still did not detect colocalization at cell–cell contacts (Fig. 3 C). We conclude that
the majority of E-cadΔ70/α localized at the plasma membrane
of L cell contacts is a homodimer.

E-cadΔ70/α is a homodimer at the plasma
membrane of mammalian cells

αE-catenin is recruited to the AJ by a preassembled E-cadherin–β-catenin complex (Hinck et al., 1994; Chen et al., 1999),
which prevents αE-catenin homodimerization and decreases
its apparent affinity for F-actin (Pokutta and Weis, 2000; Drees
et al., 2005a; Miller et al., 2013). Therefore, we explored the
interaction between β-catenin and the different oligomeric
states of the chimeras.
IEC/SEC purified E-cadΔ70/α monomer (Fig. 2 A) or
homodimer (Fig. 2 B) and β-catenin were incubated in a 1:1
molar ratio and subjected to SEC, and then eluted proteins were
analyzed by SDS-PAGE (Fig. 2, A and B) and Native-PAGE
(Fig. 2 C). E-cadΔ70/α monomer formed a heterodimer
with β-catenin (Fig. 2 A, black peak, and Fig. 2 C), whereas
E-cadΔ70/α homodimer and β-catenin did not bind (Fig. 2 B,
black peak; and Fig. 2 C). Isothermal titration calorimetry (ITC)
measurements demonstrated that monomeric E-cadΔ70/α and
β-catenin formed a 1:1 stoichiometric complex (Kd = 37 nM).
In contrast, a 10-fold molar excess of β-catenin did not interact
with the E-cadΔ70/α homodimer, indicating that the homodimer
is kinetically trapped (Table 1 and Fig. S1 G) like αE-catenin
homodimer (Pokutta et al., 2014). Finally, binding of β-catenin
reduced the binding affinity of E-cadΔ70/α for F-actin to a level
even lower than that of monomeric E-cadΔ70/α (Fig. 2 D). We
conclude that E-cadΔ70/α monomer, but not E-cadΔ70/α homodimer, forms a complex with β-catenin, and that this complex has a low apparent affinity for F-actin.
The full-length E-cad/α chimera might interact differently
with β-catenin because it contains two β-catenin–binding sites,
one in the E-cadherin catenin-binding domain (CBD) and one
in the N terminus of αE-catenin (Fig. 1 A). Both IEC/SEC purified E-cad/α monomer and homodimer bound β-catenin as
shown by the shift in their SEC elution profiles (Fig. 2, E and F,
black lines), and their decreased electrophoretic mobilities in Native-PAGE (Fig. 2 G, white boxes). A 1:1 binding stoichiometry
between E-cad/α and β-catenin was determined by ITC (Table 1
and Fig. S1 G). The enthalpy change (ΔH) for this reaction (−58
kcal mol−1) was approximately equal to the sum of the enthalpy
changes for β-catenin binding to the E-cadherin cytoplasmic tail
(−39 kcal mol−1) and monomeric αE-catenin (−16 kcal mol−1;
Table 1; Choi et al., 2006; Pokutta et al., 2014). These results
Table 1.

A constitutive monomeric E-cadherin/
αE-catenin chimera induces weak
E-cadherin–mediated cell adhesion

To test whether homodimerization of αE-catenin is dispensable
for E-cadherin–mediated cell adhesion, we designed a constitutively monomeric chimera by inserting the minimal αE-catenin
binding sequence of β-catenin in between E-cadherin and
αE-catenin in E-cadΔ70/α to generate E-cadΔ70/β/α (Fig. 4 A).
The N terminus of αE-catenin within the chimera presumably
binds to this part of β-catenin, as shown with the previously
characterized α/β-catenin fusion protein (Pokutta and Weis,
2000; Yamada et al., 2005), thereby blocking homodimerization.
As predicted, E-cadΔ70/β/α eluted as one peak on SEC
similar to monomeric E-cadΔ70/α (Fig. 4 B). Monomeric
E-cadΔ70/β/α was more sensitive to tryptic digestion compared with E-cadΔ70/α, E-cad/α, or αE-catenin, all of which
could homodimerize to produce different proteolytic protection patterns (Fig. S1 A). E-cadΔ70/β/α migrated as a monomer in Native-PAGE, even at 64 µM, a concentration sufficient
to convert nearly all monomeric E-cadΔ70/α to homodimer
(Fig. 4 C). Finally, HA-tagged and Myc-tagged E-cadΔ70/β/α
did not coimmunoprecipitate from an L cell lysate (Fig. 4 D).
Thus, E-cadΔ70/β/α is a monomer and does not homodimerize.

ITC measurements of E-cadΔ70/α monomer, homodimer, and E-cad/α monomer interaction with β-catenin

Proteins

Kd

ΔH

TΔS

ΔG

nM

kcal mol−1

kcal mol−1

kcal mol−1

36.6 ± 4.1

−16.9 ± 0.2

−6.8

−10.1

NB

–

–

–

E-cadα (monomer)

74.0 ± 2.9

−58.0 ± 1.0

−48.3

−9.7

αE-catenin (monomer)a

23.4 ± 3.7

−16.1 ± 0.7

−5.7

−10.4

E-cadherin cyto tailb

46.0 ± 4.4

−39.2 ±0.2

−29.0

−10.2

E-cadΔ70/α (monomer)
E-cadΔ70/α (dimer)

The error reported on the measurement is the SD of the nonlinear least square fit. NB, no detectable binding.
aMeasurement previously published (Pokutta et al., 2014).
bMeasurement previously published (Choi et al., 2006).
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Figure 3. E-cadΔ70/α localizes to the plasma membrane as a homodimer. (A) Immunofluorescence of endogenous β-catenin in L cells expressing HAtagged E-cad/α or E-cadΔ70/α. Line scans performed between the indicated arrowheads; the pixel intensity for HA and β-catenin immunofluorescence are
shown. Cell–cell junctions indicated with asterisks. (B) Western blot of total cell lysates of L cells expressing E-cad/α-HA or E-cadΔ70/α-HA. β-Catenin level
increases threefold when E-cad/α is expressed. GAPDH, loading control. (C) Immunofluorescence staining of endogenous β-catenin in L cells expressing
HA-tagged E-cadΔ70/α treated with MG132 to stabilize β-catenin to levels similar to E-cad/α expressing cells. (D) Western blot of total cell lysates of L
cells expressing E-cad/α-HA or E-cadΔ70/α-HA treated with MG132 (25 µM, 6 h), showing similar levels of β-catenin. Phosphorylated β-catenin becomes
visible upon MG132 treatment (indicated by an asterisk).

Because αE-catenin in the chimera is fused to E-cadherin,
its cellular distribution is uncoupled from its oligomeric state,
and we expected that insertion of β-catenin residues would
only affect homodimerization, but not its cellular localization.
Immunofluorescence staining of E-cadΔ70/β/α expressed in L
cells showed that E-cadΔ70/β/α localized at cell–cell contacts
similar to E-cadΔ70/α (Fig. 4 E). FACS analysis of L cells expressing E-cadΔ70/β/α, E-cadΔ70/α, or E-cadherin with an
E-cadherin extracellular domain antibody verified that surface
expression levels of all constructs were similar (geo mean of
0.97 ± 0.18 [E-cadΔ70/α] and 1.06 ± 0.09 [E-cadΔ70/β/α]
relative to E-cadherin).
Having shown that E-cadΔ70/β/α is a monomer, we tested
whether it could induce E-cadherin–dependent cell adhesion
compared with E-cadΔ70/α or E-cadherin. L cells were cotransfected with luciferase (to measure adhesion selectively in transfected cells) and E-cadΔ70/β/α, E-cadΔ70/α, or E-cadherin.
Importantly, ectopic expression of E-cadherin, but not expression of either chimera lacking the E-cadherin CBD, resulted
in the stabilization of both β- and αE-catenin (Fig. S2 A), and
the accumulation of a cytoplasmic pool of αE-catenin containing monomers, homodimers, and α/β-catenin heterodimers
(Fig. S2 B; Nagafuchi et al., 1994). Adhesion was measured
by attachment of cells to an E-cadherin-Fc–coated surface, and
cells expressing monomeric E-cadΔ70/β/α had significantly
less cadherin-mediated adhesion than cells expressing either
E-cadΔ70/α or E-cadherin (Fig. 4 F). These results were confirmed independently with a hanging drop cell–cell adhesion

assay, in which expression of E-cadΔ70/α and E-cadherin
formed trituration-resistant cell clusters, whereas E-cadΔ70/β/α
induced significantly less cell–cell adhesion (Fig. 4 G).
Altogether, we conclude that cell–cell adhesion was
strongest when αE-catenin formed homodimers, either at the
plasma membrane through E-cadΔ70/α homodimerization, or
in the cytosol through αE-catenin accumulation by E-cadherin
expression. Nonetheless, monomeric E-cadΔ70/β/α chimera induced some E-cadherin–mediated adhesion, implying that even
in the absence of αE-catenin homodimer, junctional αE-catenin
is able to induce adhesion, presumably through force-dependent
binding to F-actin (Buckley et al., 2014) or indirect linkage to
F-actin by binding other actin-binding proteins such as EPLIN
or vinculin (Weiss et al., 1998; Abe and Takeichi, 2008).
Reinterpreting E-cadherin/αE-catenin
chimeras and the role of αE-catenin
homodimers in cell–cell adhesion

We conclude E-cadherin/αE-catenin chimeras used previously
do not mimic αE-catenin in the native CCC, and our results
imply that both junctional monomer and perijunctional homodimer pools of αE-catenin act together to induce strong intercellular adhesion. Previous work showed that E-cadherin/αE-catenin
chimeras lacking the N-terminal β-catenin/homodimerization
domain of αE-catenin induced cell–cell adhesion (Gottardi et
al., 2001; Desai et al., 2013; Thomas et al., 2013). Analogously,
intercellular adhesion could be induced by E-cadherin chimeras comprising only the αE-catenin ABD, or the ABD of other
αE-Catenin homodimers in cell–cell adhesion • Bianchini et al.
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Figure 4. Reduced E-cadherin–mediated cell adhesion by a constitutively monomeric E-cadherin/
αE-catenin chimera. (A) Schematic representation
of E-cadΔ70/β/α, in which residues 118–151
of β-catenin are inserted in between E-cadherin
and αE-catenin. (B) SEC of E-cadΔ70/β/α (black
line), E-cadΔ70/α dimer (green dotted line), and
monomer (purple dotted line). (C) CBB-stained
Native-PAGE of increasing concentrations of
E-cadΔ70/β/α that were incubated for 16 h at
37°C. Quantification of the percent dimerization
of E-cadΔ70/β/α compared with E-cadΔ70/α. n =
3. (D) Coimmunoprecipitation of Myc tagged with
HA-tagged chimeras, using either E-cadΔ70/α or
E-cadΔ70/β/α. Upon immunoprecipitation with HA
antibodies, proteins were separated by SDS-PAGE
and immunoblotted for HA and Myc. Quantification of the relative binding between differentially
tagged E-cadΔ70/α and E-cadΔ70/β/α is shown.
n = 4. (E) Immunofluorescence of E-cadΔ70/α
and E-cadΔ70/β/α in L cells with an antibody
to the extracellular domain of E-cadherin. (F) Adhesion to E-cadherin-Fc of L cells transfected with
E-cadherin-GFP, E-cadΔ70/α, E-cadΔ70/β/α,
or empty vector control, together with luciferase.
Background adhesion to a no calcium control was
subtracted, and the mean percentage of adherent
cells relative to the total input luciferase signal and
normalized to E-cadherin-GFP values is shown.
n = 5 with standard deviation. An unpaired Student’s t test was performed for statistical analysis.
(G) Hanging drop assay of L cells transfected with
E-cadherin-GFP, E-cadΔ70/α, E-cadΔ70/β/α, or
empty vector control showing the percentage of
clusters of four or more cells, normalized to levels
observed with E-cadherin. n = 3, with standard deviation. An unpaired Student’s t test was performed
for statistical analysis.

actin binding proteins such as EPLIN or utrophin (Nagafuchi
et al., 1994; Winter et al., 2003; Kobielak et al., 2004;Abe and
Takeichi, 2008; Hansen et al., 2013; Hong et al., 2013). These
results have been used as the strongest line of evidence that
αE-catenin homodimerization is not required for cell–cell adhesion. However, these chimeras lack allosteric regulation of the
αE-catenin–F-actin interaction, and therefore exhibit increased
association with the actin cytoskeleton compared with the native CCC (Nagafuchi et al., 1994; Rimm et al., 1995; Schulte
et al., 2011; Dartsch et al., 2014). Thus, chimeras lacking the
N-terminal domain αE-catenin or containing only the ABD of
αE-catenin (or any other actin binding protein) have different
F-actin–binding properties and are not functionally equivalent to the native CCC.
Our data indicate that αE-catenin homodimers contribute
to cell–cell adhesion. Perijunctional αE-catenin homodimers
may function to locally control actin dynamics necessary for
cell–cell adhesion (Drees et al., 2005a; Benjamin et al., 2010;
1070
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Hansen et al., 2013). αE-catenin bound to β-catenin in the CCC
may also locally exchange with peri-junctional αE-catenin to
form homodimers. This hypothesis is supported by the findings that simply concentrating α-catenin at the junctional cortex by fusion to PAR-3 or Echinoid does not rescue adhesion
defects in Drosophila α-catenin–null cells (Desai et al., 2013).
β-Catenin, in addition to its role in directly linking αE-catenin
to E-cadherin in the CCC, is the likely candidate for regulating
the interplay between junctional and perijunctional αE-catenin,
and thereby the F-actin–binding activity of αE-catenin, which is
lost in E-cadherin/αE-catenin chimeras.

Materials and methods
Constructs

Full-length mouse E-cadherin cytoplasmic tail (residues 736–884;
NM_009864.2) and the cytoplasmic tail lacking the C-terminal

70 aa (residues 736–815) were fused N-terminally to mouse
αE-catenin (NM_009818) and cloned into the pGEX-TEV bacterial expression vector (Epoch Life Science). The resulting constructs
were termed E-cad/α and E-cadΔ70/α, respectively. For mammalian expression, full-length canine E-cadherin (NM_001287125.1)
was fused N-terminally to mouse αE-catenin, and cloned into
pcDNA3.1(+)−3xHA or pcDNA3.1(+)−MycHis vectors (Epoch Life
Science). Deletions and insertions were generated using either site directed mutagenesis (QuikChange II XL Site-Directed Mutagenesis kit;
Agilent Technologies) or DNA ligation with phosphorylated primers
(Roche). To generate E-cadΔ70/β/α for mammalian expression, residues 118–151 of mouse β-catenin (NM_007614) containing both an
N- and C-terminal 5-Glycine spacer was inserted between E-cadherin
and αE-catenin in pcDNA3.1(+)−E-cadΔ70/α-3xHA, using phosphorylated primers. Full-length mouse β-catenin and αE-catenin were
cloned into the pGEX-TEV bacterial expression vector, and full-length
canine E-cadherin was cloned into pEGFP-N1 as previously described
(Yamada et al., 2005). pCMV-luciferase was described previously
(Ponsioen et al., 2009).

lyzed by analytical SEC performed at 4°C on a Superdex 200 column
(GE Healthcare) in 20 mM Tris, pH 8.0, 150 mM NaCl, 10% glycerol,
and 1 mM DTT. 0.5-ml fractions were collected and separated by
SDS-PAGE followed by CBB staining, and gels were analyzed using
a LICOR Odyssey imaging system (LI-COR Biosciences).
Limited trypsin proteolysis

15 µM M. musculus αE-catenin and recombinant E-cad/α,
E-cadΔ70/α, and E-cadΔ70/β/α were incubated at room temperature in 0.25 µg/µl sequence-grade trypsin (Roche) in 20 mM Tris,
pH 8.0, 150 mM NaCl, and 1 mM DTT. Reactions were stopped with
2× Laemmli buffer at the indicated times, subjected to SDS-PAGE
and CBB staining, and analyzed using a LICOR Odyssey imaging
system (LI-COR Biosciences).
Dynamic light scattering measurements

Purified monomeric and homodimeric E-cadΔ70/α from S200
were independently concentrated and a DynaPro Plate Reader
II (Wyatt Technology) was used at 25°C to assess the change in
hydrodynamic radius (Rh).

Antibodies and other reagents

The following commercially available antibodies and dyes were used:
β-catenin (mouse, 610154; BD); HA (mouse, HA.11, MMS-101P;
Covance; rabbit, H6908; Sigma-Aldrich); Myc (mouse, 9E10, MMS150P; Covance); GAPDH (mouse, AB8245; Abcam); DECMA (rat,
U3254; Sigma-Aldrich); anti–human IgG Fc specific (goat, I2136;
Sigma-Aldrich); RR1, mouse, which was generated in-house and recognizes the canine E-cadherin extracellular domain as has been described previously (Marrs et al., 1993); DαM568 (A10037, Thermo
Fisher Scientific); Hoechst 33342 (H-3570; Molecular Probes);
and Coomassie Brilliant Blue G-250 (20279; Thermo Fisher Scientific). The rabbit αE-catenin antibody which recognizes full-length
αE-catenin has been described previously (Näthke et al., 1994), and
Alexa Fluor–conjugated secondary antibodies were used for immunofluorescence staining and immunoblotting.

Native-PAGE

IEC/SEC purified proteins were concentrated to indicated concentrations in Hepes buffer. Before Native-PAGE, samples were diluted to
a total concentration of either 1.5 µM (for CBB staining) or 150 nM
(for Western blotting) in ice-cold Native-PAGE Sample buffer (Thermo
Fisher Scientific). Samples were separated by Native-PAGE on 4–16%
Bis-Tris Native-PAGE gels (Thermo Fisher Scientific), and either
fixed in 40% methanol, 10% acetic acid for ∼2 h, followed by CBB
staining, or transferred onto PVDF membranes for immunostaining
with rabbit–αE-catenin and mouse–β-catenin antibodies. After immunostaining, membranes were processed with Alexa Fluor–conjugated
secondary antibodies and analyzed using a LICOR Odyssey imaging
system (LI-COR Biosciences).
Coimmunoprecipitation

Cell lines

L cells and HEK293 cells were maintained in DMEM with 1 g/l sodium
bicarbonate, 4.5 g/l glucose, 10% FBS (Atlas Biologicals), 5% penicillin, streptomycin, and kanamycin. L cells were transfected at 70%
confluency with Lipofectamine LTX (Thermo Fisher Scientific), Lipofectamine 3000 (Thermo Fisher Scientific), and HEK293 cells with
Xtremegene HP (Roche) according to the manufacturer’s protocol, and
experiments were performed 48 h after transfection.
Recombinant protein expression and purification

Constructs were expressed in BL21 (DE3) Codon Plus Escherichia
coli cells and purified as described previously (Pokutta and Weis,
2000). In short, 1-l cultures were induced with 1 mM IPTG for 6 h
at 30°C, proteins were isolated on glutathione agarose beads, and the
protein was subsequently cleaved off the GST tag with tobacco etch
virus (TEV) protease. Proteins were applied to a MonoQ anion exchange column (GE) and eluted in 20 mM Tris, pH 8.0, 1 mM DTT,
and a NaCl gradient from 0 to 1 M. Proteins were further purified
by Superdex 200 gel filtration chromatography (GE Healthcare) in
Hepes buffer (20 mM Hepes, pH 8.0, 150 mM NaCl, and 1 mM DTT).
Monomeric and homodimeric protein fractions were pooled separately, verified for purity by SDS-PAGE and Coomassie Blue (CBB)
staining and oligomeric state purity by Native-PAGE and CBB staining, and stored at 4°C for up to 2 wk. For analytical size exclusion
chromatography, proteins were incubated at 10 µM at 25°C for 1 h,
either individually or in a 1:1 molar ratio. 200 µl of sample was ana-

L cells or HEK293 cells transfected with both HA- and Myc-tagged
E-cadΔ70/α or E-cadΔ70/β/α were lysed in chilled lysis buffer (1%
Triton X-100, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2,
and protease inhibitors [Roche]). Lysates were cleared by centrifugation and incubated with protein G–Sepharose beads (GE Healthcare)
precoupled to anti-HA antibodies for 2 h. Beads were washed four
times with chilled lysis buffer, and proteins were eluted with Laemmli
buffer) and separated by SDS-PAGE. Upon transfer onto PVDF (GE
Healthcare), membranes were immunostained with HA and Myc antibodies, Alexa Fluor–conjugated secondary antibodies, and analyzed
using a LICOR Odyssey imaging system (LI-COR Biosciences). To
examine coimmunoprecipitation of proteins in low calcium conditions,
transfected HEK293 cells were replated in low calcium media (5 µM)
2 h before lysis and processed as described in this section.
Actin co-sedimentation assays

Chicken muscle G-actin (Cytoskeleton, Inc.) was incubated in polymerization buffer (20 mM Tris, pH 8.0, 100 mM KCl, 2 mM MgCl2,
0.5 mM ATP, 1 mM EGTA, and 1 mM DTT) for 1 h at room temperature to polymerize filaments. Gel-filtered proteins were diluted in
reaction buffer (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM MgCl2,
0.5 mM ATP, 1 mM EGTA, and 1 mM DTT) in the absence or presence of 2 µM F-actin, and incubated for 30 min at room temperature. Samples were centrifuged at 4°C for 20 min at 100,000 RPM in
a TLA 120.1 rotor and pellets were resuspended in Laemmli buffer.
The input and pelleted protein were separated by SDS-PAGE followed
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by CBB staining and analyzed using a LICOR Odyssey imaging system (LI-COR Biosciences).

brightness and contrast using ImageJ software (National Institutes of
Health). For proteasomal inhibitor, 48 h after transfection cells, were
incubated with 25 µM MG132 (Sigma-Aldrich) for 6 h before fixing.

Actin polymerization assays

Actin was prepared from chicken pectoral muscle as previously described (Spudich and Watt, 1971) and further purified by SEC gel
filtration. A 10% solution of pyrene-labeled rabbit muscle G-actin
(Cytoskeleton, Inc.) was prepared in buffer containing 2 mM Tris,
pH 8.0, 0.2 mM ATP, 0.1 mM CaCl2, and 0.5 mM DTT, incubated
on ice for 1 h, and centrifuged at 4°C for 30 min at 14,000 RPM to
remove aggregates. Before each experiment, Ca2+ was exchanged for
Mg2+ by adding 10% Mg-exchange buffer (50 mM MgCl2, 0.2 mM
EGTA) and incubating 2 min at room temperature. To initiate polymerization, polymerization buffer was added to a final concentration of
50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole HCl, pH
7.0, and, where indicated, bovine Arp2/3-complex and human GSTnWASp-VCA (Cytoskeleton, Inc.) were added to a final concentration
of 50 and 200 nM, respectively. E-cadΔ70/α monomer and homodimer were added to a final concentration of 8 µM. Pyrene fluorescence
(365 nm excitation, 407 nm emission) was measured every 10 s, with
a 10–20 s delay after addition of polymerization buffer, using a Tecan
Infinite M1000 plate reader (Tecan) until fluorescence levels reached a
stable value (∼1,000 s).

Flow cytometry

L cells were transfected with GFP-empty vector, E-cadherin-GFP,
E-cadΔ70/α, or E-cadΔ70/β/α using Lipofectamine 3000 (Thermo
Fisher Scientific) according to manufacturer’s protocol. Transfected
and untransfected control L cells were gently scraped off using icecold PBS with 10% FBS (Atlas Biologicals) to maintain surface protein
expression levels. Cells were incubated with the RR1 antibody for 1 h,
washed three times in PBS + 10% FBS, incubated with DαM568 for
40 min, washed three times, resuspended in 1 ml PBS + 10% FBS,
and immediately analyzed for fluorescence intensity using a FACSCalibur Flow Cytometer (BD).
E-cadherin-Fc adhesion assay

ITC experiments were performed on a VP-ITC calorimeter (Microcal;
GE Healthcare). A total of 31 aliquots of 9 µl β-catenin at 60 µM were
injected into the cell that contained 6 µM of E-cadΔ70/α monomer,
E-cadΔ70/α homodimer, or E-cad/α monomer, in 20 mM Hepes, pH
8.0, 150 mM NaCl, and 1 mM DTT at 25°C. Heat change was measured for 240 s between injections. Injection of β-catenin into buffer was used for baseline subtraction, and data were analyzed with
Microcal Origin software.

For E-cadherin–dependent adhesion of L cells to E-cadherin-Fc,
Nunc 96 MicroWell Plates - MaxiSorp (Thermo Fisher Scientific)
were coated with 1 µg/well of anti–human IgG (Fc Specific) antibody
(I2136; Sigma-Aldrich), blocked with 1% bovine serum albumin, and
incubated with 5 µg/ml E-cadherin-Fc that was purified from HEK293
cells (as described in Drees et al., 2005b). Transfected cells were trypsinized, washed in low-calcium DMEM, and allowed to recover surface proteins for 1 h in suspension in low-calcium DMEM containing
10 mM Hepes, pH 7.4, and 0.5% BSA at 37°C with gentle rolling.
Subsequently, 1.25 × 105 cells were plated per well in the absence or
presence of 1 mM CaCl2. Adhesion was allowed to proceed for 60
min at 37°C, and unbound cells were discarded by washing with HBS
(20 mM Hepes, pH 7.4, 137 mM NaCl, and 3 mM KCl) in the absence
or presence of 1 mM CaCl2. Adherent cells were lysed and subjected to
a luciferase assay using a dual luciferase assay kit (Promega) according
to the manufacturer’s protocol.

Whole-cell lysate and cell fractionation

Hanging drop adhesion assay

L cells were cultured for 2 d in DMEM with 1 g/l sodium bicarbonate,
4.5 g/l glucose, 10% FBS (Atlas Biologicals), 5% penicillin, streptomycin, and kanamycin, and 1 µM dexamethasone to induce expression
of E-cadherin (Angres et al., 1996). L cells were transfected with GFPempty vector, E-cadherin-GFP, E-cadΔ70/α, or E-cadΔ70/β/α using
Lipofectamine 3000 (Thermo Fisher Scientific) according to manufacturer’s protocol. For whole-cell lysate, 48 h after transfection cells
were washed 1× in PBS, lysed in Triton X-100 buffer (25 mM Hepes,
100 mM NaCl, 1 mM EDTA, 10% [vol/vol] glycerol, and 1% [vol/vol]
Triton X-100), and normalized using a BCA Protein Assay kit (Thermo
Fisher Scientific). Cell lysates were transferred to a 1.5-ml tube and
boiled for 10 min at 100°C, and the same amount of total protein was
loaded on an 4–20% Criterion TGX Gel (Bio-Rad Laboratories). Gels
were transferred onto nitrocellulose (GE Healthcare) and blocked in
1% milk and 2% BSA in Tris-buffered saline, and probed with indicated antibodies. Cell fractionation was performed as previously described (Benjamin et al., 2010).

L cells were transfected with GFP-empty vector, E-cadherin-GFP,
E-cadΔ70/α, or E-cadΔ70/β/α using Lipofectamine 3000 (Thermo
Fisher Scientific) according to manufacturer’s protocol. 48 h after transfection, cells were trypsinized using 20 mM Hepes, pH 7.4, 137 mM
NaCl, 3 mM KCl, 200 mM CaCl2, 400 mg/l trypsin. Cells were resuspended at 2 × 106 cells/ml in DMEM with 1 g/l sodium bicarbonate,
4.5 g/l glucose, 10% FBS (Atlas Biologicals), and 20-µl drops of cell
suspension were pipetted onto 35-mm culture dish lids, and inverted
onto dishes filled with 2 ml media to prevent evaporation. At each time
point, drops were triturated 20 times through a pipet, fixed with 4%
PFA, and each drop was spread onto a glass slide. The entire coverslip
was analyzed with an inverted microscope with a 40× 1.3 NA oil objective, and the same total number of cells for each condition was counted.
The percent adhesion was calculated by dividing the number of cells in
clusters of four or more cells by the total number of cells and the value
normalized to E-cadherin.

Isothermal titration calorimetry

Online supplemental material
Immunofluorescence microscopy

L cells transfected with chimeric constructs were fixed in 4% paraformaldehyde for 20 min, blocked in 0.05% saponin, 10% FBS, 50 mM
NH4Cl2, and stained with indicated primary antibodies and, subsequently, secondary Alexa Fluor–conjugated antibodies. Coverslips
were mounted using Aqua Polymount (Polysciences, Inc.) and imaged
on a Zeiss Axiovert 200 with a plan-apochromat 63× 1.4 NA and 100×
1.4 NA objective. Images were acquired using an AxioCam mRM
camera and AxioVision Rel. 4.6 software (Carl Zeiss) and adjusted for
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Fig. S1 shows in vitro characterization of E-cadherin/αE-catenin chimeras. Fig. S2 shows cytosolic expression of αE-catenin in L cells, and
hanging drop cell–cell adhesion assay. Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201411080/DC1.
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